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The aim of this study was to examine elbow fl exion torque, muscle cross-sectional 
area (CSA), and leverage in boys and girls. Thirty-eight prepubertal children (9.6 
± 0.3 years) volunteered to participate. All performed isometric fl exion actions 
at 10°, 50°, and 90° of elbow fl exion. Magnetic resonance imaging was used to 
assess elbow fl exor (EF) muscle CSA and brachialis moment arm lengths. No 
signifi cant gender differences were observed for any of the variables studied. EF 
CSA was directly proportional to isometric torque at 50° and 90°. CSA explained 
between 47% and 57% of torque variance. Moment arm estimates explained 19% 
of the variance in isometric torque at 90°. These baseline data contribute to our 
understanding of factors infl uencing strength variation during childhood.  
Upper-extremity strength differences between boys and girls are of particular 
interest, given that by adulthood, males outperform females in practically all 
upper-body sport events involving a strength component (10). Examination of the 
factors contributing to strength variation will aid our understanding of differences 
in upper-body performance, but initial baseline data on prepubertal children are 
required in order to put observations during growth and maturation into context.
The majority of studies have focused on the ability of intrinsic muscle proper-
ties to explain strength variation (4); relatively few have examined extrinsic fac-
tors, which include the role of anatomy and biomechanics (5). However, unless 
muscle force is measured directly at the tendon or at the point of application of a 
load, leverage (an extrinsic factor) will infl uence measurements of strength. When 
strength is expressed as joint torque, it represents the product of all the muscle forces 
and their moment arms contributing to a specifi ed joint action. Given that muscle 
force is also infl uenced by moment arm length via its effect on musculotendinous 
length changes and velocity, it is important to understand the role of variation in 
moment arm lengths, across a joint range of motion and between individuals, in 
torque development (15).
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The musculoskeletal system is considered to act at a mechanical disadvantage, 
as force or torque measured remote to the muscle tendon will be lower than the 
actual muscular force generated (4). A more unfavorable mechanical advantage 
(ratio of muscle moment arm length to skeletal lever arm length) in the presence 
of unchanging capability of generating force would result in lower measurements 
of force. Few studies have examined changes in moment arm lengths and there-
fore mechanical advantage in children in vivo. Most research on upper-extremity 
moment arms has been conducted on cadavers. However, it is unclear how these 
data relate to active muscle actions performed by children, especially since changes 
in muscle size, shape, and surrounding muscles and connective tissues may cause 
moment arms to vary (8). In adult cadavers, substantial increases in EF moment 
arm lengths have been observed with elbow fl exion (15). In addition, it has been 
suggested that moment arm lengths may be gender specifi c (28). A literature search 
located only two studies (9,16) that have previously examined EF leverage in 
children. Ikai and Fukunaga (9) studied the biceps brachii mechanical advantage 
in male subjects, and thus gender comparisons were not possible. Isometric elbow 
fl exion strength and biceps brachii moment arm length were also assessed at only 
one joint angle (90°). Parker (16) described measurements taken on seven specimens 
from childrenʼs ulna and radius bones to estimate lever ratios. The bone specimens 
could not be differentiated according to gender, and moment arms could not be 
estimated across the joint range of motion. The infl uence of gender and joint angle 
on mechanical advantage in children therefore remains to be determined.
Muscle moment arms can be estimated using a geometric technique that 
involves identifying the muscle tendon line of action and the joint center or axis 
of rotation (2). When estimating muscle moment arm lengths using this method, 
if the muscle tendon line of action is modeled through the center of the muscle 
or tendon, increased muscle size will result in greater moment arm lengths (27). 
Conversely, cadaver studies may substantially underestimate physiological muscle 
CSAs (11) and therefore moment arms lengths. Changes in muscle size with growth 
and maturation and muscle size differences between individuals and across genders 
may alter muscle moment arms. Wretenberg et al. (28) observed signifi cant gender 
differences in knee muscle moment arms in vivo using magnetic resonance imag-
ing (MRI). Generally, the moment arms of the males were greater than those of 
the females. The authors made no attempt to explain this fi nding, but it could be 
hypothesized that some of the difference may have been the result of the greater 
muscle mass typically observed in males.
Measurements of upper-extremity muscle size tend to track variation in 
strength in children during growth and maturation (17). Simultaneous assessment 
of muscular strength, size, and leverage will enable the contribution of leverage to 
differences in strength to be discussed. Before examining factors contributing to 
strength variation after puberty, baseline data should be obtained from prepuber-
tal children. The purpose of this study was therefore to examine upper-extremity 
leverage and muscle cross-sectional area in prepubertal girls and boys and to assess 
their contribution to torque development. It was hypothesized that before puberty, 
there are no signifi cant gender differences in EF muscle moment arms, mechani-
cal advantage, strength, or muscle size across joint angles and that moment arm 
lengths increase with progressive elbow fl exion.  
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Methods
Thirty-eight children (18 boys and 20 girls) volunteered to participate in the study, 
which was approved by the institutional ethics committee. Written informed consent 
was obtained from the children and parents or guardians. All children completed 
strength tests within the Research Centre laboratories. In addition, 17 boys and 16 
girls visited a private magnetic resonance center for the determination of muscle 
size and brachialis moment arm length. The descriptive characteristics of all the 
participating children are presented in Table 1 and for the children who underwent 
MR imaging in Table 2. Stature and body mass were measured using a Holtain 
stadiometer (Crymych, Dyfed, UK) and calibrated beam scales (Weylux, England). 
Upper-arm length (distance between the superior aspect of the acromion process 
and the olecranon process) and forearm length (distance between the olecranon 
process and the styloid process of the radius) were measured using a Harpenden 
anthropometer confi gured as a sliding-beam caliper (Holtain, Ltd.). Both limb 
lengths were measured with the subject standing, and positioned according to the 
guidelines presented by Martin et al. (14). Pubertal status was assessed during a 
medical check performed by an experienced school nurse, using Tannerʼs (22) 
indices of pubic hair.
Strength Habituation and Tests
Isometric elbow fl exion strength tests were performed on a Biodex System 3 iso-
kinetic dynamometer (Biodex Medical Systems, Shirley, NY) with an adapted seat 
to accommodate the small limb lengths of the children. The subjectʼs upper arm lay 
approximately horizontal on a limb support. The axis of rotation of the dynamometer 
was aligned with the lateral epicondyle of the humerus while the elbow was fl exed 
to approximately 90º. The joint range of motion was set to 100º; 0º represented 
elbow extension. The forearm remained in a neutral position for all tests. Only the 
dominant arm (the limb associated with writing) was examined; all subjects were 
Table 1 Descriptive Statistics for 9- to 10-Year-Old Children
N
Age
(y)
Stature
(m)
Body
mass
(kg) 
Arm
lengtha
(cm) 
Forearm
lengthb
(cm) 
Boys 18 9.7
(0.3)
1.40
(0.08)*
34.2
(10.1)
29.0
(1.8)
21.1
  (1.7)**
Girls 20 9.5
(0.3)
1.35
(0.05)
31.7
(5.2)
28.1
(1.3)
20.2
(0.8)
All children 38 9.6
(0.3)
1.38
(0.07)
32.9
(7.9)
28.5
(1.6)
20.6
(1.4)
Note. Values are means (standard deviation).
*p < .05; **p = .05
aDistance between the superior aspect of the acromion process and the olecranon process; bdistance 
between the olecranon process and the styloid process of the radius.
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identifi ed as right-hand dominant during the process of informed consent. Straps 
were used to stabilize the shoulders, trunk, hips, and upper arm.
Subjects were familiarized with all of the strength procedures on a separate 
habituation day. On the test day, a warm-up and a practice period were given 
before data collection. The strength tests completed were two maximal voluntary 
isometric fl exion actions at 10º, 50º, and 90º of elbow fl exion. A 30 s rest separated 
successive actions and joint angles, and the order of testing of the three angles was 
randomized. Subjects were instructed to “pull toward” them and to keep the torque 
line displayed on the Biodex monitor “as high and as straight as possible.” Verbal 
encouragement was provided throughout. The maximum torque occurring during the 
“torque plateau” across repetitions was used to represent the isometric torque.
Estimation of Muscle Size and Moment Arms 
Using Magnetic Resonance Imaging
For the estimation of muscle size, subjects lay supine with arms resting extended 
and by their sides, within the whole body core of an MR scanner (Philips 0.5 Tesla 
Powertrak 1000 system). Ten axial slices (T1 turbo spin echo, echo time 14 ms, 
repetition time 794 ms, fi eld of view 300 mm, matrix 192 × 256, slice thickness 
12 mm, slice gap 12 mm) were taken along the length of the arm up to the head 
of the humerus. The initial slice was positioned through the medial and lateral 
epicondyles of the humerus. The scan time was approximately 2 min.
To examine muscle moment arms, the elbow was fi xed in fi ve positions of 
fl exion (10º, 30º, 50º, 70º, and 90º) within the whole body core of the MR scanner. 
A structure made of nonmetallic materials was designed for this purpose (Figure 
1). The subjects lay supine on the base plate with the elbow resting inside a 15 cm 
circular receiver coil and aligned with the edge of the vertical plate. The handles 
were mounted on the vertical plate such that subjects would be required to grasp 
the handles with the forearm in a neutral position. All the handles were adjustable 
Table 2 Characteristics for Children Who Underwent Magnetic 
Resonance Imaging
N
Age
 (y)
Stature
(m)
Body
mass
(kg)
Arm
lengtha
(cm)
Forearm
lengthb
(cm)
Boys 17 9.7
(0.3)
1.40
(0.08)
34.6
(10.2)
28.9
(1.8)
21.0
(1.6)
Girls 16 9.5
(0.3)
1.37
(0.04)
32.4
(5.5)
28.3
(1.3)
20.4
(0.7)
All children 33 9.6
(0.3)
1.38
(0.07)
33.5
(8.2)
28.6
(1.6)
20.7
(1.3)
Note.Values are means (standard deviation).
aDistance between the superior aspect of the acromion process and the olecranon process; bdistance 
between the olecranon process and the styloid process of the radius.
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to accommodate different forearm lengths. A strap around the upper arm fi xed the 
position of the humerus throughout the scan sequences. Verbal instructions to grasp 
each handle fi rmly and to tense the forearm as if trying to pull the handle toward 
them were provided before entry into the scanning room. These instructions were 
reinforced by the radiographers before scanning. Each handle was grasped and 
sagittal T1 spin echo scan sequences (slice thickness 4 mm, slice gap 0.4 mm, 
repetition time 393 ms, echo time 25 ms, matrix 192 × 256) completed.
Analysis
Muscle Cross-Sectional Area. An infrared mouse and gridded mouse mat were 
used to trace around the biceps brachii, brachialis, brachioradialis, and pronator 
teres muscles for each slice. The Philips Gyroview package calculated the area 
enclosed by each trace. Total EF cross-sectional area was estimated by summing 
biceps brachialis, brachioradialis, and pronator teres cross-sectional areas in each 
slice. The maximal total EF cross-sectional area across slices was used to represent 
the EF cross-sectional area.
Brachialis Moment Arm Lengths. Brachialis muscle moment arm lengths were 
estimated from the sagittal-plane scans using the geometric method (1). The brachia-
lis EF muscle was chosen because the insertion of the brachioradialis muscle was 
not imaged, and preliminary observation of the biceps tendon suggested deviation 
from the sagittal plane. The brachialis tendon has also been reported to lie centrally 
in the muscle belly (12). Although biceps brachii (long and short heads combined) 
is typically observed to make the greatest contribution to EF torque (24), brachialis 
has been deemed to make a similar or even a greater contribution than the biceps to 
EF torque (6,11). Use of the brachialis for this study can therefore be justifi ed.
The elbow joint center of rotation (COR) was estimated from the sagittal 
plane scans using the two-dimensional Reuleaux method (13). For the fi ve joint 
angles examined, application of the Reuleaux method resulted in the estimation 
Figure 1—MRI elbow structure designed to fi x the elbow in fi ve angles of fl exion.
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of four CORs (90°–70°, 70°–50°, 50°–30°, 30°–10°). Each COR was estimated 
six times for each subject based on reliability analyses (detailed later). The COR 
analysis was performed using the articulation between the trochlea and the troch-
lear notch of the ulna. The CORs were expressed relative to defi ned perpendicular 
axes. The y axis passed through the center of the longitudinal axis of the humerus, 
and the x axis bisected the trochlea (from superior to inferior). Since there were 
no signifi cant differences in the COR coordinates across the range of motion or 
between boys and girls, a mean (fi xed) COR coordinate was derived. A nonlinear 
centroidal approach was then used to model the brachialis muscle–tendon line of 
action. Coordinates defi ning the muscle pathway were expressed relative to the 
same axes used to defi ne the elbow joint center of rotation. The muscle coordinate 
data were smoothed using Sigmaplot (2000) negative exponential function (Gauss-
ian weighting and a quadratic fi t). The lowest-order polynomial and the sampling 
proportion, which produced smoothed residuals within 0.5 mm of the entered data, 
were used (the muscle–tendon coordinates were measured only to the nearest 0.5 
mm). The moment arm was estimated as the shortest distance from the smoothed 
curve to the center of rotation of the elbow using Sigmaplot (2000). The muscle 
pathway analyses were repeated three times for each subject for each angle (based 
on reliability analyses). Moment arm lengths were also expressed relative to the 
skeletal lever arm length to provide an estimate of mechanical advantage (moment 
arm length/forearm length).
Reliability
We have previously reported the reliability of the anthropometric, CSA, and iso-
metric torque measures (26). The reliability of the COR and muscle line of action 
procedures were examined separately for one subject. Ten analyses were completed 
for this subjectʼs set of scans to examine the reproducibility of the COR positions 
and the muscle–tendon lines of action. The mean and standard deviation for the 
x and y COR coordinate positions were calculated after 2, 3, 4, 5, 6, 7, 8, 9, and 
10 analyses. These results were used to determine the number of COR analyses 
performed for all subjects. Similarly, the residuals (difference between the mean 
moment arm estimated after 10 analyses and after 1 to 9 analyses) were calculated 
to examine the number of times the muscle–tendon unit needed to be modeled to 
obtain repeatable moment arm estimates.
Statistical Analysis
Independent t tests were used to examine gender differences in age, stature, arm 
length, forearm length, body mass, and muscle CSA. Repeated-measure ANOVA 
analyses were carried out to examine the signifi cance of differences in isometric 
fl exion torque and brachialis moment arm lengths across angles (repeated measure 
independent variable) and gender (between-subject independent variable). An 
alpha of p < .05 was deemed signifi cant. If the between-subject gender effect was 
signifi cant, independent t tests with the Bonferroni adjustment of the signifi cance 
level were used to determine at which angle signifi cant gender differences were 
present.  
Elbow Flexor Strength, Size, and Leverage in Children  463
Assessment of the Contribution of Moment Arms 
and CSA to Torque
Allometric scaling was used to assess the relationship between isometric elbow 
fl exion torques and brachialis moment arm lengths at 10°, 50°, and 90° elbow joint 
angles. The intercept (a) and slope (b) parameters expressed in the linear form of 
the allometric equation: ln Y = ln a + b · ln X were solved using ANCOVA (25). 
Estimates of effect size (eta) were examined to highlight the variance in isometric 
torque (at 10°, 50°, and 90°) explained by the variance in moment arm length. 
Although CSA was measured only with the elbow in an extended position, its rela-
tion to joint torque across the joint range of motion was also similarly examined. 
This allowed the proportionality and potential contribution of muscle size to torque 
to be examined for boys and girls across angles. Every allometric model was checked 
for potential misspecifi cation according to Batterham and George (3).
Results
Descriptive Statistics
Table 1 illustrates the age and anthropometric characteristics of the 9- to 10-year-old 
children who completed the strength tests. All children were stage 1 for pubic hair 
development according to Tannerʼs (22) indices. The boys were signifi cantly taller 
than the girls and the difference in forearm length bordered on signifi cant (p = .05). 
There were no signifi cant gender differences in any of the other variables. Table 2 
presents the characteristics of the subgroup who underwent MR imaging.
Isometric Elbow Flexion Torque, Muscle CSA, 
and Moment Arms
Mean isometric elbow fl exion torques at 10°, 50°, and 90° for boys and girls are 
presented in Figure 2. Joint angle signifi cantly affected the measured fl exion torques; 
joint torque increased with elbow fl exion. Differences in isometric torque across the 
range of motion were similar for both boys and girls, as illustrated by nonsignifi cant 
Angle × Gender effects. Gender did not signifi cantly affect EF muscle CSA or the 
torque at each angle. Brachialis muscle moment arm estimates for boys and girls at 
10°, 30°, 50°, 70°, and 90° of elbow fl exion are presented in Figure 3. No signifi cant 
gender differences in moment arm length (Figure 3) were observed. Moment arm 
lengths differed signifi cantly across the joint angles studied, and these differences 
were similar for both boys and girls (nonsignifi cant Gender × Angle interaction). 
The largest difference in moment arm length occurred between the 90° and the 
10° joint positions. This mean difference was 6 mm. When the brachialis moment 
arm lengths were used to estimate mechanical advantage (Table 3), the mechani-
cal advantage increased with progressive elbow fl exion. There were no signifi cant 
gender differences in mechanical advantage across the range of motion.
The allometric analyses indicated that the moment arm estimates explained 
19% of the variance in isometric torque at 90°. In the more extended joint posi-
tions, the moment arm lengths explained less than 1% of the variance in torque. 
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Figure 3—Brachialis moment arm length at 10º, 30º, 50º, 70º, and 90º of elbow fl exion in 
9- to 10-year-old boys (■) and girls (▲).
Figure 2—Isometric elbow fl exion torques at 10°, 50°, and 90° of elbow fl exion for boys 
(■) and girls (▲).
EF CSA was directly proportional to the isometric torque measures at 50° and 90° 
(b exponents of 1.2 and 1.1, respectively). At 10°, the b exponent for CSA was 3.6. 
The amount of variance in torque explained by the muscle CSA estimates ranged 
from 43% to 57%.
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Reliability
After 10 analyses, the minimum and maximum variation (standard deviation) of 
any of the four CORs along the x axis was 1.3 mm and 1.8 mm, respectively, and 
along the y axis 1.0 mm and 4.2 mm. Trends in the data over the 10 trials were 
observed to identify the number of analyses required to obtain reproducible COR 
positions. For the x and y coordinates the residuals generally stabilized after four 
trials. However, fi ve or six trials were required to obtain consistent positions for the 
10° to 30° COR y coordinate and the 50° to 70° COR y coordinate, respectively. 
Based on these results, six analyses were performed to obtain a COR position and 
variation representative of that obtained after 10 analyses (and to subsequently 
obtain the fi xed COR coordinate). The maximum error observed across any of the 
CORs was ±1.9 mm (x) and ±5.5 mm (y) after six analyses. The x and y positions 
of the COR coordinates were more reliable for 90° to 50° elbow fl exion compared 
to 50° to 10° elbow fl exion.
Variation in moment arm estimates due to modeling of the muscle–tendon 
tended to be below that expected due to the resolution of measurement, which 
was 0.3 mm (the resolution refl ects the scale of the scans during analysis). This 
was true after three analyses. Therefore, three trials were performed to estimate 
moment arm length at each joint angle for all participants. The standard deviation 
of the moment arm estimates after three trials for each joint angle were 0.2 mm 
(90°), 0.1 mm (70°), 0.0 mm (50°), 0.1 mm (30°), and 0.2 mm (10°).
Discussion
There were no signifi cant gender differences in isometric elbow fl exion torques or 
CSAs in the present study. These results are in agreement with the extant literature, 
which suggests that although on average, boys may have slightly larger muscles and 
perform slightly better in muscle function tests than girls in early childhood, these 
differences are generally not signifi cant (17,23). Similarly, there were no signifi cant 
gender differences in brachialis moment arm lengths or mechanical advantage across 
Table 3 Mechanical Advantage of the Brachialis Muscle Over the 
Joint Range of Motion in 9- to 10-Year-Old Boys and Girls 
Mechanical advantage at elbow fl exion angles
10° 30° 50° 70°   90°
Boys 0.074
(0.013)
0.082
(0.010)
0.088
(0.013)
0.096
(0.011)
  0.100
  (0.011)
Girls 0.071
(0.008)
0.078
(0.009)
0.085
(0.005)
0.089
(0.008)
  0.099
  (0.009)
All children 0.073
(0.011)
0.081
(0.010)
0.087
(0.010)
0.093
(0.010)
  0.100
  (0.010)
Note. Values are mean (standard deviation).
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the range of motion examined. The mean mechanical advantage across angles (boys 
and girls combined) ranged from 0.073 to 0.100, which is comparable to the ulna 
(brachialis) lever ratios of between 0.069 and 0.132 presented for bone specimens 
(which could not be differentiated according to gender) by Parker (16). The present 
study is the fi rst to examine moment arm length and mechanical advantage across 
the range of motion for both genders in prepubertal children.
Brachialis moment arm lengths followed a similar pattern to joint torque across 
the range of motion—increasing with progressive joint fl exion and peaking at angles 
exceeding 75° (15). The mean peak moment arm length of approximately 20.5 mm 
(at 90° elbow fl exion) was similar or lower than moment arms determined in adult 
cadavers. For example, maximum moment arm length was 21 mm in An et al. (1) 
but approximately 30 mm in Ettema et al. (8), Pigeon et al. (18), and van Bolhuis 
and Gielen (24). Given the inherent limitations of applying cadaver data to in vivo 
muscle–tendon properties, these fi ndings suggest the potential for development as 
growth and maturation progress. This is also indicated by the absolute and relative 
change in brachialis moment arm length across the range of motion examined. The 
mean moment arm length of the boys and girls combined varied by approximately 
6 mm between 10° and 90° elbow fl exion. This absolute difference in moment arm 
length is less than the 25 mm and 16 mm difference presented by Pigeon et al. (18) and 
An et al. (1), respectively, over a similar range of motion in adult cadavers. Expressed 
as a percentage of change in moment arm length (maximum-minimum/maximum), 
the 6 mm difference across the range of motion in the children was 27%. Murray 
et al. (15) estimated a 32% and 58% change in brachialis moment arm length in 
female and male cadavers, respectively, across a slightly different range of motion 
(25° to 110°). These moment arm length changes may refl ect the shorter limb and 
muscle lengths of the children, since for a given joint angular displacement, a shorter 
muscle length will undergo a smaller length change (26).
Elbow fl exor CSA was directly proportional to isometric torque at 50° and 
90°; CSA explained 43 to 57% of torque variance across the whole joint range of 
motion. This is in agreement with Enoka (7), who stated that approximately 50% 
of strength differences are explained by differences in muscle size. Despite the fact 
that the contribution of moment arm length to torque variance was assessed using 
only the brachialis moment arm length (which has a small moment arm length rela-
tive to biceps brachii and brachioradialis), approximately 19% of the variance in 
isometric torque at 90° was explained. However, the moment length was limited in 
its ability to explain virtually any of the torque variance at 10° or 50°. The superior 
predictive ability at 90° may be explained by the fact that when the elbow is fl exed 
beyond 75° or 80°, the moment arms of the fl exors are nearing their optimal lengths 
(15,18). Also in more extended joint positions, the force produced by the fl exors 
is directed more into compressing the joint than causing joint rotation. The same 
reasoning may (in part) account for the lack of a directly proportional relationship 
between isometric elbow fl exion torque at 10° and CSA. It should be emphasized 
that brachialis moment arm length in this study was estimated to explore strength 
variation in children. It is, however, acknowledged that the brachialis muscle has 
a broad origin and insertion, and variation in muscle fi ber length and orientation 
within the muscle has led some authors to estimate moment arms for different 
regions of this muscle (8). The moment arm lengths of the other EF muscles, the 
impact of differences in architecture (within and between muscles), as well as other 
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intrinsic and extrinsic factors (for example, muscle activation and muscle–tendon 
stiffness) need to be explored in relation to the unexplained variance in torque. 
In contrast to the strength measurements, the elbow fl exors were not maximally 
activated during the MRI procedures; this would reduce the variance explained by 
the muscle–tendon properties in the current study.
Any discussion of the meaning of variation in moment arm length should take 
into consideration measurement reliability. The estimation of moment arms using 
the geometric technique highlighted that the error due to placement of the COR far 
exceeded the error due to the muscle line of action. The COR measurement errors 
obtained after six analyses were similar to those reported in other studies for a 
variety of joints (19,20,21). However, these errors must be considered in relation to 
the impact on moment arm estimation for the elbow. The mean moment arm of the 
boys and girls at 90° was 20.6 mm and at 10° was 15.0 mm. A sensitivity analysis 
was performed to assess the effect of moving the COR by ±1.9 mm along the x 
axis and ±5.5 mm along the y axis in one child (who had average moment arms 
similar to the mean group data) for the 90° and 10° elbow positions. Displacement 
of the COR along the x axis for 90° of fl exion resulted in the moment arm estima-
tion differing by –0.7 mm to +1 mm (8% error). Displacement of the COR along 
the y axis for the fl exed joint position yielded error in the moment arm estimates 
of –1.2 mm to +1.6 mm (13.6% error). With the elbow in only 10° of fl exion the 
equivalent errors along the x and y axes were ±1 mm (6.7% error) and –0.1 mm to 
0 mm (0.7% error), respectively. These errors must be considered when interpret-
ing the moment arm differences (between boys and girls and across the range of 
motion) observed in the prepubertal children in the present study.
In conclusion, in 9- to 10-year-old prepubertal children, there were no signifi -
cant gender differences in elbow fl exion isometric torques, muscle CSAs, brachialis 
moment arm lengths, or mechanical advantage. Brachialis moment arm length 
contributed to the explanation of some of the variance in isometric elbow fl exion 
torque at 90° but very little in more extended positions. Changes in the brachialis 
moment arm length across the joint range of motion followed a similar pattern 
to that observed in cadavers, although the absolute and relative change in moment 
arm length was less. Future studies are required to corroborate these fi ndings for the 
brachialis and other elbow fl exor muscles in children. When moment arm data are 
collected in pubertal children (where gender differences in upper extremity strength 
have been found to be signifi cant), these baseline data will facilitate understanding 
of torque development in relation to changes in muscle size and leverage. Estimates 
of the reliability of isometric torques, muscle size, and moment arm measures in 
children will clarify the meaning of any differences observed during growth and 
maturation.
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